SiC is set to enable a new era in power electronics impacting a wide range of energy technologies, from electric vehicles to renewable energy. Its physical characteristics outperform silicon in many aspects, including band gap, breakdown field, and thermal conductivity. The main challenge for further development of SiCbased power semiconductor devices is the quality of the interface between SiC and its native dielectric SiO 2 . High temperature nitridation processes can improve the interface quality and ultimately the device performance immensely, but the underlying chemical processes are still poorly understood. Here, we present an energy-dependent hard X-ray photoelectron spectroscopy (HAXPES) study probing non-destructively SiC and SiO 2 and their interface in device stacks treated in varying atmospheres. We successfully combine laboratory-and synchrotron-based HAXPES to provide unique insights into the chemistry of interface defects and their passivation through nitridation processes.
Introduction
The rapid development and increasing use of electric vehicles and renewable energy is putting ever higher demands on the electronics that are at the heart of these technologies. Power electronics play a key role in controlling and converting the different forms of energy into usable electricity. They enable the delivery of electricity from the source to the end user application with maximum efficiency of transmission, distribution and consumption. [1] With the increasing deployment of advanced energy technologies and an overall move towards electrical energy, power electronics are crucial to enable the conversion of the energy produced by e.g. solar and wind power into electrical grid compatible forms. Beyond electric grid applications, power electronics are used in many consumer products, most importantly in electric vehicles. Traditional Si-based devices have reached the physical and material limits of what is possible and new materials are starting to surpass Si. Wide band gap materials, including SiC and GaN, have superior characteristics compared to Si and are increasingly taking over the main application areas of power electronics as they offer great improvements in higher power, improved thermal behaviour, and better efficiency. SiC in particular has great potential to become the material to replace Si in many semiconductor device applications and the total market for SiC power devices is expected to exceed $1.5 billion by 2023. [2] SiC's material properties, which include a wide band gap, high thermal conductivity, and high breakdown field, make it the ideal semiconductor for future metal-oxide-semiconductor (MOS) devices. [3] [4] [5] The increasing demands on energy saving, size reduction, system integration, and improved reliability of power electronics have pushed SiC to the forefront of emerging materials. Its increased reliability, higher operating capability in both power and temperature, increased efficiency, and reduced size make it perfect for both electric vehicles and renewable energy industries. Inverters in these applications are subjected to extreme conditions, e.g. large operating temperature ranges and high power loads. Beyond its ability to address these requirements, SiC also maximises power conversion efficiency in electric vehicles resulting in an overall weight and size reduction along with increased efficiency and robust characteristics, significantly improves mileage ranges enabling overall energy savings.
With the immense potential for SiC to contribute to the ongoing changes in the energy landscape, intense effort focuses on further optimisation of overall device performance and development of ever more advanced device generations. The main obstacle for SiC to enable the usage in low-voltage classes below approximately 500 V is the low quality of its interface to its native dielectric SiO 2 . Although SiO 2 can be easily grown on SiC, the interface defect densities are higher than in Si based devices leading to degradation of channel electron mobility and changes of the threshold voltage in combination with a potentially decreased reliability. [6] For power electronic applications, it is the four layer hexagonal (4H) polymorph of SiC that is predominantly used. It has a band gap of 3.26 eV and defects which e.g. in silicon are within the conduction band lie within the band gap of SiC. The types of defects postulated around the SiC/SiO 2 interface include dangling bonds in SiC, defects in the SiO 2 , silicon oxycarbides (SiO x C y ) and silicon oxynitrides (SiO x N y ). [6] [7] [8] [9] [10] [11] In order to improve performance and reliability of SiC-based devices, SiC/SiO 2 stacks are subjected to high temperature thermal treatments in nitrogen-containing atmospheres. NO is the most widely explored annealing atmosphere and consistently shows great improvement of device performance. NH 3 has attracted attention as an alternative to NO as previous studies indicate that it may be able to compensate defects the NO anneal cannot passivate, in particular on the SiO 2 side of the interface. [11, 12] However, devices treated under NH 3 show a reduction of oxide dielectric strength, which is thought to be caused by incorporation of nitrogen not just at the interface but in the bulk oxide. Overall, the nitrogen incorporated during nitridation can dramatically reduce interface defects leading to overall better device performance, however, the details of the underlying processes and how this reduction of interface defects occurs is still not well understood limiting further optimisation of the nitridation techniques [13, 14] . One reason for this limitation is that the characterisation of heterostructures, including buried layers and interfaces within them, presents a challenge for many established characterisation techniques and necessitates the use of very advanced techniques. [10, [15] [16] [17] [18] An established materials characterisation technique that has been applied extensively to the investigation of SiC/SiO 2 structures after nitridation, contributing to our current understanding of the system, is X-ray photoelectron spectroscopy (XPS). [7, 13, [19] [20] [21] We recently showed that soft X-ray photoelectron spectroscopy (SXPS) is a powerful technique to probe the chemical state of the SiC/SiO 2 system. [22] The sensitivity of the technique to differences in chemical environment can be used to understand how nitrogen passivates the interface defects. However, due to the limited information depth of soft X-rays, depth profiling using Ar sputtering has to be employed to make the interface accessible for measurement. Through careful optimisation of sputtering conditions, sputtering artefacts can be minimised, but some uncertainty remains over whether interface states and the state of buried layers are fully preserved. In contrast, hard X-ray Photoelectron Spectroscopy (HAXPES) enables the study of such systems without the need for any sample back preparation due to the increase in probing depth when using higher X-ray energies. Whilst XPS has been used extensively to study SiC/SiO 2 structures, HAXPES studies are rare and have not yet been used to perform broad, systematic studies. [23, 24] Here, we present energy-dependent HAXPES results of SiC/SiO 2 stacks after nitridation, combining for the first time both laboratory-and synchrotron-based HAXPES and providing unique insights into chemical changes in both the carbide and oxide layers, as well as their interface. The depth distribution function is used to model the information depth of the experiments. Changes in the nitrogen distribution after the use of different annealing atmospheres are clearly detected in the core level spectra and the chemical state of nitrogen is analysed in detail. The observed nitrogen species within the SiO 2 layer and at the interface enable insights into the nature of the defects passivated by nitrogen. Furthermore, the HAXPES results are compared to previous SXPS studies and commonalities and differences are discussed.
Methods
The 4H-SiC/SiO 2 samples investigated in this work were manufactured using an industrial process. n-type doped 150 mm 4H-SiC wafers with a 4 • offset with respect to the crystalline c-axis were used. The SiO 2 thin film was deposited from tetraethyl orthosilicate on the Si-face of the wafers. Following this, the wafers were subjected to high temperature treatments above 1000 • C in varying nitrogen-containing atmospheres to densify the deposited oxide and optimise the interface quality. Here, four annealing atmospheres are compared, including nitrogen (N 2 ), nitric oxide (NO), ammonia (NH 3 ), and a sequence of NO followed by NH 3 (NO+NH 3 ). Electrical characteristics and refractive index measurements for these samples were reported previously. [22] Hard X-ray photoelectron spectroscopy (HAXPES) was performed on two different systems. Experiments at 9 keV were performed on a HAXPES Lab laboratory-based system from Scienta Omicron. This system uses a monochromated, microfocused Ga K α X-ray source giving a photon energy of 9.25 keV, further referred to as 9 keV for simplicity. A Scienta Omicron EW4000 hemispherical electron energy analyser is used, with a maximum acceptable kinetic energy of 12 keV and a large acceptance angle of ±30 • . Samples were measured in grazing incidence geometry with the angle between incoming X-rays and sample surface being less than 3 • . The system has been described in detail elsewhere. [25] Experiments at 4 and 6 keV were performed at beamline I09 at Diamond Light source. [26] A double-crystal Si (111) monochromator was used to select 4 and 6 keV photons. In addition Si (022) and Si (004) channel-cut crystals were employed to achieve the final energy resolution for 4 and 6 keV, respectively. The final excitation energies were 4.062 keV and 5.922 keV, which will be further referred to as 4 and 6 keV for simplicity. Beamline I09 is equipped with a VG Scienta EW4000 electron energy analyzer with ±30 • angular acceptance. Samples were measured in grazing incidence geometry with the angle between incoming X-rays and sample surface being less than 5 • .
Results & Discussion

Depth profile of SiC/SiO 2 heterostructures
In order to create a non-destructive depth profile of the SiC/SiO 2 heterostructures, energy-dependent HAXPES core level spectra were collected across three excitation energies of 4, 6, and 9 keV. Figure 1 shows Si 1s and 2s core levels across the three excitation energies for the four samples treated in varying nitrogen atmospheres. Due to the increased depth information in HAXPES, even without the sputtering needed for SXPS, both SiO 2 (higher binding energy (BE) contribution) and SiC (lower BE contribution) signals are visible simultaneously at all X-ray excitation energies. Depending on the X-ray excitation energy as well as the binding energy of the core level in question the inelastic mean free path (IMFP) and therefore the probing depth changes significantly. The probing depth in XPS is defined as the average depth from which 95% of the photoelectrons are derived. This generally equates to three times the IMFP and therefore changes in the IMFP lead to the variations in the relative Si core level ratios of the signal detected for SiO 2 and SiC observed in the present samples. Figure 2 (a) shows the theoretical IMFPs for both SiO 2 and SiC for the four core levels investigated here. The IMFP values were taken from the work by Shinotsuka et al. and extracted values for the kinetic energies of the Si 1s and 2s core levels are summarised in Table  1 . [27] The theoretical IMFPs generally overestimate the probing depth of HAXPES, and effective attenuation lengths (EAL) are shorter than predicted. In a recent paper Solokha et al. explored this difference for silicon across a kinetic energy range from 1.5 keV to 8 keV at beamline I09. [28] It is clear that the experimentally measured EALs are significantly smaller than the predicted EALs and IMFPs. In order to take this into account in the present work, we have corrected the predicted IMFPs to be 80% of their original value reflecting the difference in experimental and theoretical values reported for Si by Solokha et al. (see Table 1 for the values of IMFP corr used).
The relative intensities of the core level peaks of the overlayer (SiO 2 ) and the substrate (SiC) are determined by the so-called depth distribution function (DDF). The DDF is defined as the probability that a photoelectron leaving the surface originated from a given depth measured normally from the surface into the material. In the following, the surface is defined at z = 0, and the emission of electrons from a plane z > 0 inside the device is considered. For electrons travelling along the surface normal (assumed to be at z=0, the probability that an electron originating from depth z reaches the surface, p(z) can be obtained by integrating the differential form of the Beer-Lambert law (Eqn. (1)) between the position of the surface and z.
where z is the distance from the surface, I surf /I z is the ratio of the signal intensity at the surface and the signal intensity at the point of origin, and λ(z) is the mean free path at depth z. Note that in Eqn. (1) , dI/dz is positive as electrons travel along the negative direction of z. The normalized depth distribution function, φ(z), is then given by
where c(z) is the number density of the species giving rise to the photoelectron signal at depth z.
For a given core level, the relative intensity of the overlayer peak is given by
where d is the thickness of the overlayer, and the relative intensity of the substrate peak is given by In Eqn. (5) and (6), φ(z) is obtained using the mean free paths of electrons in SiO 2 and SiC at the relevant kinetic energy (see Table 1 ), the number densities of Si atoms in the two phases, and the thickness of the overlayer in the given sample. All samples are based on bulk SiC wafers with a SiO 2 overlayer with varying thickness after nitridation. The SiO 2 thicknesses from capacitance-voltage characterisation reported in our previous paper have been used as the overlayer thicknesses, which are 10.0 nm (N 2 ), 11.8 nm (NO), 12.7 nm (NH 3 ), and 12.8 nm (NO+NH 3 ), respectively. [22] The preceding analysis assumes that all electrons travel along the surface normal. Whilst the analyzer used in this work has a relatively large acceptance angle of ±30 • , assuming that all electrons travel along the surface normal is not a major source of error in the analysis. In the experimental geometry, grazing incidence and normal emission was used. The average value of 1/cos(α), which is proportional to the path lengths of the emitted electrons, is ≈1.05 for -30 • < α < 30 • , where α is the angle relative to the surface normal. Moreover, (i) electrons travelling along the symmetry axis of the analyzer, approximately parallel to the surface normal in the experiments, are collected most efficiently, and (ii) for grazing incidence with p-polarized light, and normal emission, the differential cross-section of photoemission from an s-orbital peaks near the analyzer symmetry axis.
From integration of the relevant sections of the DDF the SiC contribution to the total signal can be calculated and compared to peak fits to the Si core levels (see Figure  2 (c)). This approach gives values in good agreement between theory and experiment for the N 2 sample across all excitation energies and core levels explored. For the NH 3 and NO+NH 3 samples, the experimentally observed signal contributions deviate strongly from the theoretically expected ones. This is due to a large amount of nitrogen being incorporated into the SiO 2 layer, which will be discussed further below, whilst the IMFP can only be calculated for pure SiO 2 . The incorporation of nitrogen significantly influences the IMFP, but this cannot be taken into account in the currently available methods.
The effect of nitridation on SiO 2 and SiC
The effect of nitridation on the SiO 2 layer can be observed in the line shape and BE positions of the Si core level spectra and in order to quantify these changes, a peak fit analysis was conducted extracting the peak positions, full width half maxima (FWHM), and area ratios, which are summarised in Table 2 . Figure 3 shows the peak fitted Si 1s core levels collected at 6 keV, which are representative for the peak fits conducted for all core levels. In addition, difference plots relative to the N 2 sample are shown to aid interpretation of small spectral differences. The SiC contribution to the different Si core levels remains at a constant binding energy (BE) across all nitridation atmospheres indicating that no significant changes to the SiC occurs, excluding the incorporation of nitrogen in the SiC substrate. In contrast, the SiO 2 contribution at higher BE shows considerable variations in energy position. In the NH 3 and NO+NH 3 treated samples, the shift of the SiO 2 peak is a result of the above mentioned incorporation of nitrogen species in the SiO 2 leading to changes of the chemical environments. This is consistent with changes in the refractive indeces of the oxide layers, which are 1.4572 (NO), 1.4684 (NH 3 ), and 1.4644 (NO+NH 3 ), respectively. Whilst the refractive index of the NO sample is close to standard SiO 2 , the values increase significantly for NH 3 and NO+NH 3 treated samples. The changes in the core spectra are not constant across the different excitation energies due to the signal probing different regions of the oxide. This will be discussed in more detail in the context of the nitrogen spectra. The incorporation of nitrogen needs to be monitored closely in nitridation processes, as it can be detrimental to the overall device characteristics due to the resulting increases in oxide trap density leading to a degradation of the dielectric behaviour of SiO 2 .
When comparing the SiO 2 and SiC contributions a much larger FWHM of the SiO 2 compared to the SiC peak is observed at all excitation energies and for both the Si 1s and 2s core levels. This is due to a difference in structure between the two layers. Whilst SiC is a single crystal wafer with high structural order, the SiO 2 film is amorphous and encompasses a range of different Si environments. This leads to a number of contributions at different BEs to the overall core level shape, which are too close in BE to be resolved individually, leading to an increase in the overall peak width observed. The NO and NO+NH 3 treated samples have a larger FWHM of the SiO 2 peak compared to N 2 and NO samples, again due to the incorporation of N into the SiO 2 layer.
The peak fits for the Si 1s core level at 6 keV show two components for SiO 2 and SiC in the N 2 and NO treated samples. Compared to all previously reported SXPS experiments, no feature below the SiC BE component could be observed. This is a direct result of the fact that sputter depth profiling is omitted when HAXPES is used, making the measurement non-destructive in nature. The lower BE features reported previously can now be unequivocally assigned to sputter artefacts in the form of partially reduced SiC. However, upon closer inspection of the peak fits for the NH 3 and NO+NH 3 , it is clear that the fitting with only two components misses some intensity intermediate in binding energy between the SiO 2 and SiC peaks. The difference spectra underline this mismatch further. Whilst the NO sample shows only very small deviation from the N 2 line shape, the NH 3 and NO+NH 3 samples show large mismatches of the signal, in particular around the SiO 2 contribution. This is a result of a considerable contribution from additional chemical states due to the incorporation of nitrogen, including Si-O-N environments. Whilst their presence is clear in the line shapes, it is not possible to peak fit these environments reliably to distinguish them from the Si core levels due to the unknown line shape and considerable overlap with the main SiO 2 component.
In parallel to the Si core levels, the C and O 1s core levels collected at the same excitation energies confirm the observations made from the silicon spectra and representative core levels for all four samples collected at 6 keV are shown in Figure 4 . The C 1s core level remains comparable in BE position and line shape across all samples, with the main contribution at 282.7 eV BE and 0.7 eV FWHM, respectively, consistent with the observation from Si core levels that bulk SiC remains mostly unchanged after nitridation. All C 1s core levels also exhibit a small feature towards higher BE of the main feature consistent with the presence of C-Si-O environments in silicon oxycarbides SiO x C y . Oxycarbides are expected to contribute to the active defect population at the interface. Only small variations in relative intensities between samples are observed due to differences in signal attenuation caused by the aforementioned differences in SiO 2 overlayer thickness and chemistry as well as differences in the contribution from SiO x C y . In contrast, the O 1s core level changes significantly, with the FWHM increasing from 1.2 eV for N 2 and NO to 1.4 eV for NH 3 and NO+NH 3 treated samples. This is the result of the incorporation of nitrogen species in the SiO 2 layer resulting in a change of the chemical environments of the oxygen in parallel to the changes observed for Si. 
The N 1s core level and changes across the interface
Whilst the Si, C, and O core levels are useful to determine the differences in probing depth and to investigate changes in chemical environments within the SiC and SiO 2 layers, the most important element to be considered in this study is nitrogen and how it changes upon variation of the nitridation atmosphere. Figure 5 shows the N 1s core level for the three HAXPES excitation energies as well as for the interface spectra collected after sputter depth profiling with soft X-ray photoelectron spectroscopy (SXPS), which we have discussed in detail in a previous publication. [22] One of the main advantages of HAXPES over SXPS is that buried layers and interfaces in heterostructures can be probed non-destructively, as mentioned above. Due to the necessity of sputtering to enable depth profiling with soft X-ray sources one can never completely exclude artefacts resulting from this treatment. In the case of the N 1s spectra investigated here, the overall structure of the core levels observed in SXPS is to a large extend comparable with HAXPES. However, there are some distinct differences, which will be discussed.
Comparison of the three HAXPES excitation energies reveals changes in relative intensities of the nitrogen signal. The spectra are normalised to the SiC contribution in the C 1s core level for each excitation energy and sample allowing for comparison between the different data sets. Particularly the reduction of N signal for NH 3 and NO+NH 3 samples at higher hν is noticeable. This is due to most of the N being incorporated at the top of the SiO 2 layer, but the amount of N decreasing further in the layer, which is consistent with our previous SXPS observation. This is also the reason why the BE position of the Si 1s and 2s core levels is not constant across spectra collected at varying hν. The lowest BE feature in the N 1s spectra, assigned to Si-N environments, was previously assigned to artefacts from sputter treatment in SXPS experiments. However, as the Si-N feature is observed consistently in the HAXPES spectra for the NH 3 and NO+NH 3 samples, it is intrinsic to the samples. The reduction in signal intensity of Si-N follows that of the Si-O-N feature suggesting a comparable depth distribution with the Si-N environment also predominantly being located in the SiO 2 layer. The N-O environments, which had very low intensity or could not be detected at all in the SXPS experiments due to destruction by sputtering, are significant particularly in the 4 keV spectra. The intensity of the N-O environment drops much faster with increasing hν than the Si-O-N and Si-N environments indicating that this species is only located in the very top section of the SiO 2 layer. After NO treatment the nitrogen is always confined to the interface. If we define the interface as a region of ±0.5 nm around the SiC/SiO 2 junction, we can use the DDF model to calculate the interface contribution relative to the normalised SiC signal as 0.14, 0.10 and 0.07 for 4, 6 and 9 keV, respectively. In agreement with this model, the associated Si-C-N environment varies slightly across the excitation energies. The observed Si-C-N environment stems from the passivation of dangling carbon bonds on the SiC side of the interface, which are one of the major active defects suggested to populate the SiC/SiO 2 interface. [29] The NO nitridation of SiC/SiO 2 stacks is effective in reducing interface defects and improving the overall device behaviour as the nitrogen preferentially reacts at the interface to compensate these defects. In all previous SXPS experiments only a single chemical environment was reported in NO treated samples. However, peak fit analysis of the HAXPES spectra (see Figure 6 ) reveals that the peak has a clear asymmetry towards higher BE stemming from the presence of a second environment, which was most likely destroyed during sputtering in previous SXPS studies. The higher BE component has a binding energy close to Si-O-N environments. The feature behaves similarly to the main Si-C-N environment with its intensity being almost constant across excitation energies. Whilst the nitrogen can compensate Si-C dangling bonds on the carbide side of the interface resulting in Si-C-N environments, it also clearly helps to compensate defects on the oxide side of the interface by forming Si-O-N structures.
Conclusion
The present work shows how energy-dependent HAXPES can be applied to device structures to study elemental distributions and chemical environments across a multilayer system. Here, it was specifically used to study the effects of nitridation on the bulk layers as well as the interface of SiC/SiO 2 stacks. The non-destructive nature of HAXPES combined with careful peak fit analysis allows for the first time the exploration of previously undetected features providing more detailed information on how nitrogen compensates defects in these device structures. Important aspects of the complex nature of the incorporation of nitrogen in the SiO 2 layer for the NH 3 and NO+NH 3 treated samples are uncovered. Si-N and N-O environments, which could not be detected and identified previously, are found to be present within the oxide layer. In the NO treated sample it is particularly important that HAXPES not only detects the Si-C-N states compensating Si-C dangling bonds on the carbide side of the interface, but also makes Si-O-N environments compensating oxide defects close to the interface observable. Modelling of the depth distribution function allows to quantify the information depth and signal contribution from different sections of the SiC/SiO 2 device stack. The results presented here increase our understanding of this critical interface and help to further inform the selection and optimisation of nitridation processes for SiC-based power electronics.
